Introduction
Organisms living in cold habitats such as polar regions, high mountains, oceans or other cold environments of the Earth, permanently or seasonally have to cope with subzero temperatures. In several cases protection toward freezing and ice injuries is provided by 'ice binding proteins' (IBPs) that bind ice crystals and control their growth and shape [1, 2] . Since the first description of an IBP from an Antarctic fish back in the 1960s [3] , these proteins have been identified in a number of fishes, insects, diatoms, algae, yeasts, fungi, and bacteria [4, 5] . Over the years, the growing body of information available fostered the development of models and hypotheses to explain the peculiar features and properties of IBPs. Particularly challenging are the relationships between structure and activity. In fact, while IBP structures are classified in at least 11 different folds [5] , all of them associate to the very same ligand: ice crystals. This apparent paradox is justified by the presence of specific ice-binding sites (IBSs) in all IBPs that share similar structural properties. IBSs are typically flat and extended surfaces, relatively hydrophobic, able to organize water into an ice-like arrangement that merges and freezes with the quasiliquid layer next to the ice lattice [4] . In many cases, IBSs are also characterized by the presence of threonine-rich repeats, such as Thr-X-Thr or Thr-X-Asx, whose involvement in ice binding has been recognized by site-directed mutagenesis studies [6] [7] [8] [9] [10] [11] .
Nevertheless, the correlation between structural differences and effects induced by IBPs on ice crystals growth and structuring, that is thermal hysteresis (TH) and inhibition of ice recrystallization (IRI), still wait for a comprehensive explanation. TH is the gap between the melting and the freezing points of ice produced by the adsorption of IBPs to crystals. The bound IBPs induce microcurvatures on the growing ice front and, following the Gibbs-Thomson effect, the association of additional water molecules on the ice is less favorable, leading to reduction of the freezing point below the melting point. IRI, instead, refers to the ability of IBPs to contrast the formation of large ice crystals from small ones [5, 12] . While TH is relevant in avoiding freezing, IRI activity seems to be related to freeze tolerance, since injuries to living matter by large crystals are by far more severe than those produced by small ice particles, that can be tolerated inside or between cells [13] . On the basis of TH activity, IBPs are classified as moderate, with TH of 0.1-2.0°C, or as hyperactive, with TH of 2-13°C. Several lines of evidence support the idea that the extent of TH activity may depend on the specific plane of ice crystals to which the IBPs adsorb. Most hyperactive IBPs bind to the basal plane of ice, in addition to the prismatic and pyramidal crystal planes to which moderate IBPs associate [5, 14] . Data of IRI activity have been reported only for a subset of IBPs. Nevertheless, information available raises questions and issues about the mechanistic basis of TH and IRI which, in all major classes of IBPs, seem to be nonrelated [15] . This conclusion is also supported by mutagenesis experiments on an IBP from Lollium perenne showing that amino acid substitutions may decrease or increase IRI activity without changing TH [16] .
A deeper insight in the molecular basis of IBP properties is required to advance our understanding of the evolution of this very peculiar cold adaptation strategy and of the IBP biological function. In fact, IBPs play different roles in distinct organisms, for example, they can restrain body fluids from freezing, promote ice structuring to preserve a liquid environment around cells, or mediate cells adhesion to ice [4, 5, 17] .
In this work, we tackle IBP function from a structural viewpoint and we report the 3D structure at 0.84 A resolution of an IBP derived from the metagenome of bacterial symbionts of the Antarctic ciliate Euplotes focardii (EfcIBP). EfcIBP shows atypical combination of TH and IRI activities, not reported for other bacterial IBPs, with moderate TH activity (0.53°C 50 lM) and one of the highest IRI activity (2.5 nM) described to date. According to primary sequence analysis, EfcIBP contains a domain of unknown function DUF3494, which was predicted to fold in a discontinuous b-solenoid structure [18] . This fold is typical of bacterial IBPs, where it is defined as IBP-1 fold [5] , and it might have been horizontally transferred to other organisms sharing the same environment, such as algae, fungi, yeasts, and diatoms [19] [20] [21] [22] . Our results show that EfcIBP is a novel member of IBP-1 family with a modified fold and the presence of repetitive IBS sequence motifs. Site-directed mutagenesis and docking simulations reveal how EfcIBP exerts its moderate TH activity. The IBS of EfcIBP presumably has two different protein surfaces characterized by low hydrophobicity and repetitive sequence motifs. This composite IBS allows binding to multiple ice planes, including the basal plane.
Results and Discussion
EfcIBP structure Recombinant EfcIBP was crystallized as described in the Experimental Procedures section. Crystals belong to the orthorhombic P2 1 2 1 2 1 space group and diffracted to the atomic resolution of 0.84 A using synchrotron radiation (ESRF, Grenoble), one of the highest resolution reached for this kind of protein so far. The final model was refined to a final R work = 11.5% and R free = 12.8% with good stereochemical parameters, and contains 223 amino acids (including the EfcIBP residues 37-253, and the C-terminal 6His-tag), 411 water molecules, 4 sulfate ions, and 1 glycerol molecule. Data collection analysis and refinement statistics are summarized in Table 1 .
The EfcIBP displays an IBP-1 fold [5] , consisting of a right-handed b-helix with a triangular cross-section formed by three parallel b-sheets (here named A, B, and C faces) and by an additional single a-helix (a1) aligned along the axis of the b-helix (Fig. 1) . The A face is formed by nine b-strands and is not directly exposed to the solvent region, but screened by the a1 helix and by the N-terminal region (residues 44-54) preceding the b1 strand (Figs 1 and 2 ). This protein surface is, therefore, not suited for the interaction with ice crystals. The B and C faces are each formed by eight b-strands. The B face is flat and regular, while the C face is divided into two regions. The first region consists of strands b3, b6, b10, b19, b22, and b25, forming a flat surface that maintains the triangular section of the structure. Instead, strands b13 and b16 markedly diverge toward the exterior of the protein body (Fig. 1) . The B and C faces are both fully exposed to the solvent region and, therefore, potentially involved in ice binding. Two short 3 10 helices (one turn each) are also present in the EfcIBP structure. They are located just after a long loop region running outside of the protein solenoid and they seem to help the following b-strands (b1 and b17, respectively) to insert back into the b-helix core structure (Figs 1 and 2 ).
The EfcIBP structure is very similar to other single domain IBP-1 fold proteins, specifically to those from Colwellia sp. (ColAFP; DALI Z-score of 32.3, residue identity of 38%) [23] , from Flavobacterium frigoris (FfIBP; DALI Z-score of 32.4, residue identity of 35%) [24] , from Typhula ishikariensis (TisAFP6 and TisAFP8 isoforms; DALI Z-score of 31.0, residue identity of 37%) [25, 26] , and from Leucosporidium sp. (LeIBP; DALI Z-score of 30.8, residue identity of 35%) [27] . Furthermore, EfcIBP matches well the structure of each domain of the two-domain IBP secreted by a Flavobacteriaceae bacterium (IBPv; DALI Z-score of 31.9 and 32.8, residue identity of 35% and 32%, for domain A and B, respectively) [28] (Fig. 2) . Backbone comparison among these IBPs highlights an excellent conservation of secondary structure elements within the central core of the b-helix and helix a1, with an RMSD in the 0.9-1.2
A range, calculated over 198 Ca pairs (Figs 2 and 3) .
Alongside the similarities between EfcIBP and other proteins with an IBP-1 fold, clear structural differences are present in the region from the end of strand b5 and the start of helix a1 (Figs 1 and 2 ). The loop between strands b5 and b6 is 11 amino acids longer in TisAFP6, TisAFP8, and LeIBP, while in ColAFP, FfIBP, and in both domains of IBPv, its length is similar but with different structure when compared to EfcIBP. The connection between b7 and a1 is also different, with an insertion of 12 amino acids in ColAFP, 11 in FfIBP, and 6 in TisAFP6, TisAFP8 and LeIBP. This loop is similar in EfcIBP and in the A domain of IBPv, while the IBPv B domain has an insertion of one amino acid (Fig. 2) . As a result, a cap subdomain is present between b5 and a1 in ColAFP, FfIBP, TisAFP6, TisAFP8, and LeIBP, but not in EfcIBP and in the two domains of IBPv (Fig. 3) . Within IBP-1 fold proteins, this cap region has been classified into two groups [24] , depending on the presence (group 1: ColAFP and FfIBP) or absence (group 2: TisAFP6, TisAFP8, and LeIBP) of a disulfide bridge between Cys residues belonging to the b5-b6 and b7-a1 loops. With this respect, EfcIBP, together with IBPv, can be classified as a novel third group, where the cap subdomain is totally absent. The role of the capping region in IBP protein is debated. Studies on chimeras of FfIBP and LeIBP showed that the capping region plays an important role in structure stabilization. The FfIBP chimera, with the cap from LeIBP, has a Tm value of 47.4°C, significantly lower than the wild-type (wt) FfIBP (Tm value of 56.4°C), with a concomitant decrease in TH activity (greater than sevenfold). On the contrary, chimeric LeIBP, with the capping head region of FfIBP, had a slightly increased TH activity 
R free is calculated from 5% randomly selected data for cross-validation.
compared with wt LeIBP and a higher Tm value (66.4°C vs 61°C). Thus, the capping head region of FfIBP is more stable than that of LeIBP, likely due to the presence of the disulfide bond, and is important for the overall stability of IBP [24] . Interestingly, recombinant EfcIBP is very stable to heat, with a Tm of 66.4°C, despite the absence of the capping region [18] .
Further structural differences that characterize EfcIBP compared to IBP-1 fold proteins are located at the N-and C-terminal regions. In particular, the N-terminal extension Thr37-Thr45 is unique for EfcIBP, and it has an elongated structure that runs almost parallel to the b-strands of the C face, being anchored to the core of the protein through both polar and nonpolar interactions with residues belonging to b8 (B face) and b10 (C face; Figs 1, 2 and 3).
In summary, the structure of EfcIBP appears to be more compact than homologous IBP-1 proteins, with the absence of the capping region between b5 and a1, and the B face more regular at its terminal filaments (b5 and b9; Figs 2 and 3). Overall, EfcIBP is much more similar to the two-domain IBPv, where each IBPv domain also misses the capping region, than to other IBP-1 fold proteins.
Structural insights for IBS identification in EfcIBP
The identification of the EfcIBP IBS was driven by previous studies on other IBP-1 fold proteins. Mutagenesis experiments and virtual docking to ice planes based on the crystal structures of ColAFP, FfIBP, TisAFP6, TisAFP8, LeIBP, and IBPv reveal that the IBS is located on the flattest surface of the b-helix (B face), while the other faces (A and C) are not involved in ice binding ( Fig. 2 ) [23] [24] [25] [26] [27] [28] . These IBP-1 fold proteins typically lack regular ice-binding motifs, such as the Thr-X-Thr and the Thr-X-Asx repeats (X = any residue, Asx = Asn or Asp), typically found in insect and bacterial hyperactive IBPs [8, 29] .
Furthermore, the B face of IBP-1 proteins is always quite hydrophobic, with polar residues being only between~30% and 60% of the total solvent-exposed residues. Indeed, the hydrophobic effect is thought to be a pivotal driving force when considering the general functional mechanism of IBPs, with restrained water molecules forming hydrogen bond networks and producing 'cages' around hydrophobic groups, especially the methyl groups of Thr residues. Then, these anchored waters allow IBPs to bind ice by matching its specific plane(s). The organized solvation shell around the IBSs is involved in the initial recognition and binding of IBPs to ice by lowering the barrier for binding and consolidation of the protein-ice interaction surface [10, 30] .
Despite the high structural homology with other IBP-1 fold proteins (Figs 2 and 3) , the EfcIBP residue distribution on the surface of the b-helix has different properties. A clear pattern of putative IBS repeats, three Thr-X-Thr and three Thr-X-Asx motifs, can be recognized in EfcIBP (Figs 2 and 4) . Interestingly, they are mostly located on the B face (on strands b2, b15, and b21), but some of them are also present on the C face (strands b10 and b13), in the connecting regions between b strands belonging to different faces (between b3 and b4, and between b18 and b19), and in the N-terminal extension (Figs 2 and 4) . These observations suggest that not only the B face is involved in ice binding in EfcIBP.
The B face of EfcIBP is formed mainly by seven parallel b-strands (b12, b15, b18, b21, b24, b2, and b5) composed of three to five residues, with a further minor contribution of the short b9 (Fig. 4) . Three Thr-X-Thr and one Thr-X-Asx IBS motifs are homogenously distributed along the different parallel b-strands (b2, b15, and b21) and converge to form a row of four Thr [24] , TisAFP6, and TisAFP8 isoforms [25, 26] , LeIBP [27] , and with the two domains (dA and dB) of IBPv [28] . The sequence alignment has been performed using the MUSCLE program (https://www.ebi.ac.uk/Tools/msa/muscle/) and manually corrected based on their 3D structure comparison. Secondary structure elements are indicated on top for EfcIBP and shaded (color code as in Fig. 1 ) for all aligned proteins. Residues mutated in EfcIBP, ColAFP, FfIBP, TisAFP6, TisAFP8, LeIBP, and IBPv with decreased/unaltered ice-binding properties are shaded in blue/black, respectively. The EfcIBP repeat motifs Thr-X-Thr and Thr-X-Asx (X = any residue and Asx = Asn or Asp) are indicated in bold and boxed in red. EfcIBP amino acids with side chains in a double conformation are indicated by a black dot.
residues at the center of the B face, with the presence of an additional Ser in the middle and terminated by Ala and Gly residues (Fig. 4) . This row is the most repetitive organization in the EfcIBP structure and it might be responsible for much of the ice-binding capacity of the protein. On the other hand, the presence of several putative IBSs on the B face of EfcIBP decreases dramatically its hydrophobicity (73.6% of the residues exposed to the solvent are polar) relative to other homologous IBP-1 fold proteins.
The EfcIBP C face is less flat and regularly organized than the B face (Fig. 4) . However, as found for the B face, it contains putative Thr-rich IBS motifs and the residues pointing toward the solvent are mostly polar (80%). These structural features indicate that the B face is the most likely surface for ice binding, but suggest that the C face might be involved too. Furthermore, the low surface hydrophobicity coupled with the presence of IBS motifs might be the reason of the moderate, and not hyperactive, TH activity of EfcIBP. Interestingly, most of the residues potentially involved in ice binding (typically Thr and Ser) on the B and C faces are with side chains in alternative conformations in our high-resolution EfcIBP crystal structure (Figs 2 and 4) . This observation suggests that EfcIBP can reorganize the water molecules on its first hydration shell of both faces with high plasticity, thus reproducing the water molecule organization typically found on both the basal and prismatic planes of hexagonal ice crystals. In this respect, however, the position and the spacing of crystallographic water molecules at the protein surface only partly match those typically found in ice crystal planes, due to the involvement in crystal contacts of both B and C faces, with consequent reorganization of the water molecules at the protein-protein interface.
Ice docking study
Molecular docking techniques were employed to get insights into the interactions of EfcIBP with ice. Although many moderately active IBPs are known to bind to primary prism plane of ice crystal, but not to basal plane, we decided to test both planes as possible interaction partners of EfcIBP, and the surface complementarity (Sc) between the EfcIBP IBS and ice was evaluated to validate the docking [31] . As it is known that some hydration water molecules on the IBS are directly involved in binding to ice in certain IBPs [10, 11] , a series of EfcIBP structures in which the crystallographic water molecules were gradually deleted (starting from those belonging to the most external water shell) was prepared and used for the docking study and Sc calculation. The resulting best docking poses (highest score in terms of steric and electrostatic correlations) indicated that EfcIBP binds both ice planes through the B face IBS with Sc values of 0.46 and 0.34 for basal and primary prism planes, respectively. Interestingly, the presence of few (26) crystallographic water molecules located in the troughs of the B face protein surface is sufficient to significantly improve the shape complementarity of this face with ice planes, with Sc values of 0.53 for basal plane and 0.39 for primary prism plane (Fig. 5A,B) . Both these values are higher than 0.38, which was previously determined as a Sc threshold for IBPs [8, 23] . The interaction models were further validated by calculating the contact surface areas, which are 1390 and 1163 A 2 for basal and prism primary planes, respectively. These values are large and in line with those found for other IBPs of similar fold and size [23, 24, 26] . The B face residues directly interact with ice, with the hydration water molecules contributing to increase the shape complementarity with both ice basal and primary prism planes. Surprisingly, the docking simulations indicate that the primary prism plane of ice, but not the basal plane, can be bound also by the EfcIBP C face, with a Sc value of 0.31 which increases to 0.40 if some (61) water molecules are used in the calculation (Fig. 5C ). In this scenario, the included crystallographic water molecules compensate for the flatness distortions of the protein C face induced by the presence of filaments b13 and b16 (Fig. 1) . The contact surface area between the protein C face and the prism primary plane is 1265 A 2 and the majority of the ice-protein contacts are water mediated.
Site-directed mutagenesis of EfcIBP IBS residues
In order to investigate which part of the EfcIBP surface is involved in ice binding, we designed and expressed a series of single point mutants and evaluated their TH and IRI activities. Based on structural and docking analyses we focused on the putative IBS located on the B and C faces of the protein. The selected B face residues (T67, T178, and T223) belong to three Thr-X-Thr and Thr-X-Asx motifs and are centered on the B face (Figs 4 and 6 ). The C face mutations involve residues S188, T209, and T247. T247 was selected because it is located at the center of the C face, while T209 is of interest since it is part of a Thr-X-Thr motif laterally located on the C face (Figs 4 and 6) . In order to check if the divergent region b10-b13-b16 forms an IBS, S188 was also substituted. This residue is located on b16, adjacent to the Thr-X-Thr and Thr-X-Asx motifs of strands b10 and b13. Yet b10 and b13 are less solvent exposed and, therefore, less likely to take part in ice binding. The selected residues were replaced by Tyr, a bulky residue that would disrupt the flatness of the protein surface and hinder the ability of the protein to bind ice in case it is located on the IBS [23, 25, 26] .
All mutants were produced in Zym-5052 medium and purified at high yield (~2 mg from 1 L of culture). The degree of purification was comparable to the wt EfcIBP. The CD spectra of EfcIBP variants, except T247Y mutant, were highly similar to those of the wt (Fig. 7A,B) , indicating that substitutions did not affect the protein secondary structure. The spectra showed a minimum ellipticity at approximately 219 nm and positive ellipticity at~195 nm, which are characteristic of b sheet-rich proteins. In the case of T247Y mutant, the overall CD spectrum was similar to that of the wt, indicating that the protein retained its fold. However, the minimum ellipticity was shifted to 217 nm and the amplitude was slightly lower relative to the other mutants and to the wt (purple line in Fig. 7B ). These minor changes possibly indicate a slight decrease in b structure. It should be noted that the T247Y mutation site is located very close to the C terminus of the protein (Leu253), where the 6His-tag tail is present (Fig. 6) . A reorientation of this C-terminal tail, due to the T247Y mutation, might partly disturb the N-terminal region of the protein (on the A face) located in front of it, where the protein backbone has an extended b-like structure (Fig. 1) . Still, the experimental evidence that the thermal stability of the protein remains similar to the wt in all mutants, including the T247Y variant (Fig. 7C,D) , indicates that the Tyr substitutions did not alter the b-helix structure in the core of the protein, which remains compact and stable.
Activity measurements of EfcIBP mutants
Following our findings that amino acid substitutions neither disrupt the protein folding nor affect its stability, and with the aim to determine the IBS of EfcIBP, we measured the TH activity of the mutants. Figure 8 shows the TH of all variants in comparison to the wt protein. All B face mutants show TH levels of 10-30% of the wt TH in equivalent protein concentrations. On the C face, S188Y retains 50-60% of activity, indicating that the b10-b13-b16 region is not the major part of the IBS. Instead, T209Y retains only 30% activity, while T247Y is barely active, with no activity at 10 lM and 4-5% activity at higher concentrations. Therefore, our TH measurements on EfcIBP mutants indicate the B face as the major IBS (including the Thr-X-Thr and Thr-X-Asx motifs), and the C face also partly involved in ice binding, in agreement with the docking simulations.
We measured the IRI activity of the EfcIBP mutants in order to obtain more information on the location of the IBS and the effects of the surface-exposed positions on ice binding (Fig. 9) . All mutants show low IRI activity at a concentration of 0.02 lM, reducing the recrystallization rate in the range of 0-50% compared to no IBP, with T247Y having no IRI activity. At a higher concentration, 0.1 lM, the IRI activity of all mutants, including T247Y, is more pronounced, in the range 30-95% reduction of the recrystallization rate. In both concentrations, the wt reduced the recrystallization rate by 100%. This supports the TH and docking results, suggesting that EfcIBP interacts with ice through both B and C faces. It is likely that each face is responsible for binding of EfcIBP to specific sites or planes of ice. Another such case was demonstrated in a study of isoforms of type III AFP from ocean pout. The authors showed by single point mutations that the IBS of the protein is composed of two adjacent surfaces, each responsible for binding to different ice planes [32] . A puzzling finding is that there is no obvious correlation between the effects of the mutations on TH and their effects on IRI. Since both IRI and TH depend on the ice-binding properties of the proteins [15, 33] , one would expect the mutants with high TH to have also high IRI. Such a correlation was shown in a study of a series of mutants of the ryegrass IBP [33] . In the case of EfcIBP mutants, each mutation most probably affected the binding rates of the protein to particular ice planes in a different manner. It is possible that binding to certain ice planes is more crucial for IRI and less for TH, or vice versa. Furthermore, each face requires appropriate water organization for ice binding and reacts differently to surface perturbations. In particular, the S188Y mutant had the highest TH activity among the mutants (49% of the wt), and the lowest IRI activity (only 25% or 52% reduction of recrystallization rate at 0.02 and 0.1 lM concentrations, respectively) after T247Y. One explanation for this effect is that the Tyr introduced into strand b16 induces local organization of water molecules that disrupted binding to a certain ice plane important for IRI more than for TH. Yet, this and any other explanation are highly speculative at this stage. While EfcIBP presents a nontrivial case of ice recognition, all our findings so far point out that the protein has a compound IBS that involves both the B and the C faces with yet unknown specificities.
To summarize, the structural analysis of EfcIBP provided new insight into its functional features. The EfcIBP tertiary structure consists of a right-handed b-helix which conforms to the IBP-1 fold with some important differences. EfcIBP misses the cap subdomain between b5 and a1, typically present in many IBP-1 fold protein. Considering that EfcIBP is very stable to heat, with a Tm of 66.4°C [18] , the proposed Fig. 7 . Far-UV CD spectra of EfcIBP and its mutants. CD spectra (A) and denaturation profile (C) of face B mutants: in black wt EfcIBP, in red T67Y, in blue T178Y, in gray T223Y. CD spectra (B) and denaturation profile (D) of face C mutants: in black wt EfcIBP, in cyan S188Y, in orange T209Y and in purple T247Y.
role of the cap subdomain in the overall stability of IBP [24] seem to be scaled down. This conclusion is further supported by the structure of the recently published two-domain protein IBPv [28] , where each b-helix domain misses the cap subdomain but the protein has a Tm of 53.5°C [34] , similar to that of capped IBP-1 fold proteins [23] [24] [25] [26] [27] . Overall, the low hydrophobicity of B and C faces might explain the only moderate TH activity of the protein.
Docking simulation and mutational studies indicate that the EfcIBP has a compound IBS that consists of both the B and the C faces. In fact, most mutations on both faces heavily affect TH and IRI activities of the IBP. In some instances, the two effects appear to be fully or partly uncoupled. Although only a few amino acids have been changed, it emerges that TH and IRI depend at least partly on different features of the binding sites. To date, studies about the correlation of TH and IRI in IBPs are still too scarce to allow drawing general hypotheses. However, a recent study showed that also in LeIBP TH and IRI are not necessarily coupled, in fact also in this case a single mutation increases the IRI without affecting the TH [16] . This information calls for further studies aimed at a deeper understanding of IRI, especially in view of developing IBP-based methods for cryoprotection. 
Experimental procedures

Strain and materials
Escherichia coli strain DH5a TM (Invitrogen, Waltham, MA, USA) was used for plasmid amplification, while BL21 (DE3; EMD Millipore, Billerica, MA, USA) was used as the host strain for heterologous expression. Oligonucleotides are from Metabion (Metabion International, Planegg, AG, Germany) and Q5Ò High-Fidelity DNA Polymerase is from New England Biolabs (Ipswich, MA, USA).
Cloning and mutagenesis
pET-21a (EfcIBP) was described in a previous work [18] . The recombinant protein carries a 6His-tag at the C terminus. Mutagenesis of EfcIBP was carried out by QuickChangeÒ PCR. The forward and reverse primers are described in Table 2 . Reactions were carried out using Q5Ò High-Fidelity DNA Polymerase and Eppendorf Master-cycler (Eppendorf, Hamburg, Germany) under the following conditions: 1 cycle (98°C for 2 min), 25 cycles (98°C for 10 s, annealing temperature for 25 s and 72°C for 180 s), and a final cycle at 72°C for 3 min. The annealing temperatures (T A ) used for each PCR reaction are indicated in Table 2 . Mutations were verified by DNA bidirectional DNA sequencing.
Production and purification of recombinant proteins
Recombinant 6His-tagged proteins were produced in Zym-5052 medium [35] and purified from the soluble fraction of cell extracts by affinity chromatography as described previously [18] . Samples containing highest protein concentrations were pooled and buffer exchanged to 10 mM ammonium acetate (pH 7.0) by gel filtration using a PD10 column (GE Healthcare, Little Chalfont, UK). Purified proteins were lyophilized and stored at À20°C. Protein concentration was determined by the Bradford protein assay (Bio-Rad, Hercules, CA, USA), using bovine serum albumin as the standard.
Crystallization, structure determination, and refinement , estimated solvent content 42%). Diffraction data were collected at the ID-29 beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble, France) and processed with XDS [36] and SCALA [37] . Data reduction statistics are reported in Table 1 .
The EfcIBP crystal structure was solved by molecular replacement using Phaser [38] , with the ColAFP structure (PDB code: 3WP9) [23] as a search model (36% sequence identity with EfcIBP). The EfcIBP sequence was then model built into the electron density using Coot [39] and restrained-refined with H atoms and anisotropic B-factors using Refmac5 [40] and Phenix [41] . All refinement statistics are reported in detail in Table 1 . The stereochemical quality of the model was assessed using MolProbity [42] .
Docking modeling to ice
Docked model for EfcIBP (without the C-terminal 6His-tag) and ice planes with the minimum overall docking score was searched with the program HEX 8.0.0 [43] , using default parameters except for correlation type (shape + electrostatics). The shape complementarities of the IBP-ice interfaces for the resulting models were evaluated using the SC program [31] .
CD spectroscopy
Lyophilized proteins were suspended in 25 mM phosphate buffer (pH 7.0) to a concentration of 8 lM. CD spectra were measured using a J-815 spectropolarimeter (Jasco Corp., Easton, MD, USA) in 1-mm path length cuvette as described [44] . In experiments aimed to assess thermal stability spectra were collected by measuring the CD signal at 215 nm fixed wavelength, and the sample was progressively heated from 25 to 90°C. Measurements were performed with a data pitch of 2°C and a temperature slope of 0.5°CÁmin À1 . Experiments were performed in triplicate.
Thermal hysteresis
Protein samples were prepared by dissolving lyophilized proteins in 20 mM ammonium bicarbonate buffer (pH 8.5) and diluting them to the desired concentration in the same buffer. TH measurements were performed using a custom nanoliter osmometer as described previously [45] . Single crystals of typically 10-lm diameter were obtained and incubated for 1 min slightly below their melting temperature. Then the temperature was dropped at a cooling rate of 0.01°C every 4 s. The freezing point was determined as the temperature at which the crystal grew continuously. Each measurement was repeated at least three independent times.
Ice recrystallization inhibition
Ice recrystallization inhibition activity was measured by a sucrose sandwich assay [46] with some modifications [47] . The sample solutions contained 45% sucrose, 50 mM NaCl, 10 mM Tris buffer (pH 8.0) and 0 or 0.02 lM or 0.1 lM of protein. Samples of 1.4 lL were placed on a sapphire sample holder and covered with a 13-mm-diameter circular glass coverslip. The sample was sealed with type B immersion oil (Sigma-Aldrich, St. Louis, MO, USA) to avoid evaporation and mounted on a copper plate with a 2.5-mm diameter slit placed on the stage of the nanoliter osmometer [45] . The sample was cooled from room temperature to À35°C by the Peltier element of the nanoliter osmometer while slowly pouring liquid nitrogen on top of the sample. Fast rate of cooling was necessary to form polycrystalline ice. The temperature was then elevated to À10°C at a warming rate of 150°CÁmin À1 and then warming continued to À8°C at a rate of 6°CÁmin À1 . The final stage of heating up to the annealing temperature of À7.4°C was conducted at a slow rate of 1°CÁmin À1 to avoid overheating. The sample was maintained at this temperature for 60 min.
During this period, recrystallization was recorded using a Basler ace acA1920-155um camera (Basler, Ahrensburg, Germany) every 10 s. The experiment was repeated at least five times for each concentration. The IRI was quantified following the mathematical description derived by Budke et al. [47] . The images were processed using Fiji software [48] to calculate the mean radius of the crystals and the total crystal volume. The cube of the mean crystal radius was calculated and plotted against time. The slope of the curve obtained from time points 30-60 min was taken as the recrystallization rate constant (K d ). The average ice volume fraction of this period was used to extrapolate K d constant to zero ice fraction (K d0 ), as described by Budke et al. [47] . In all experiments, the ice volume fraction was < 10%.
Statistical analysis and plotting were performed using R 3.4.3 (R Foundation for Statistical Computing, Vienna, Austria). Mean values and 95% confidence intervals were calculated by nonparametric bootstrapping method from R package 'Hmisc' 4.0-3 using 1000 resamples.
